INTRODUCTION {#s1}
============

Physiotherapists alter the position of patients in order to improve ventilation-perfusion, increase lung volume, and help increase mucociliary clearance[@r1], [@r2]^)^. The most commonly used positions are the supine, prone, side-lying (SL), semi-prone (Sim's position \[SP\]), and sitting positions. Many reports have described changes in the regional distribution of ventilation in the supine, prone, SL, and erect positions[@r3],[@r4],[@r5]^)^. However, the regional distribution of ventilation in SP has not been clarified. As the nondependent lung is expanded and the dependent lung is contracted by the effect of gravity, repositioning to the SL position and SP is considered to improve ventilation in the nondependent lung. In particular, SP is used to improve ventilation in the dorsal segment of the nondependent lung. However, whether ventilation in the dorsal segment is better in SP or the SL position remains to be clarified. Thus, to determine the optimal position for ventilation distribution, the differences between the SL position and SP should be clarified.

In addition, repositioning in the prone position has been suggested as a technique to improve arterial oxygenation[@r6]^)^ and mortality[@r7]^)^ in patients with acute respiratory distress syndrome. The mechanism underlying such improved gas exchange is increased ventilation/perfusion. However, prone positioning is not a benign procedure and carries the potential risk of complications for both patients and healthcare workers[@r8]^)^. Notable complications include selective intubation, endotracheal tube obstruction, and pressure sores[@r9]^)^. As such, SP was used as a substitute for the prone position to mitigate the risks and complications associated with prone position management. Therefore, understanding the ventilation distribution in SP is important.

The present study compared regional lung volumes between SP and the SL position in order to clarify the differences in regional lung volume between the two positions and to determine which position is superior in terms of increasing the lung volume of the dorsal segment.

SUBJECTS AND METHODS {#s2}
====================

The study subjects comprised 8 healthy volunteers (6 men and 2 women; mean age, 29.0 ± 9.2 years; mean height, 167.0 ± 9.8 cm; mean body weight, 60.6 ± 10.3 kg). None of the subjects had any history of pulmonary or cardiovascular disease. Prior to participation in the study, all the subjects provided written informed consent. The study was approved by the ethics committee of Ibaraki Prefectural University of Health Sciences.

Measurements were performed in the right and left SL position and SP. SP was inclined 45° forward from the SL position. Magnetic resonance imaging (MRI) scans were obtained by using a 1.5-T system (Excelart Vantage 1.5 T, Toshiba Medical Systems, Otawara, Japan). MRI was performed by using the fast advanced spin-echo method in the coronal plane, covering the entire thoracic cavity. The scan parameters were as follows: repetition time, 191 ms; echo time, 4.8 ms; number of signal averages, 1; and slice thickness, 10 mm. The 17 slices were scanned for 30 s on MRI. The subjects assumed each position and were instructed to breath-hold for 30 s at each of the following measurement conditions: maximum inspiratory lung volume (MILV), maximum expiratory lung volume (MELV), end-tidal expiratory lung volume (EELV), and end-inspiratory lung volume (EILV).

By using the ImageJ software (Rasband, W.S., ImageJ, US National Institutes of Health, Bethesda, Maryland, USA, http://imagej.nih.gov/ij/, 1997--2014), the MRI scans were analyzed as follows: To determine the lung area of each coronal slice, the lung border was checked visually and the outline of the lung was traced. Within this traced area, tissues other than the lung parenchyma (e.g., blood vessels of the pulmonary hilum, mediastinum, and chest wall) were also included. On the image, portions displaying higher pixel values than those in the peripheral lung field were considered to represent other tissues. The other-tissue area with higher pixel values was thus calculated. Lung area was determined by subtracting the other-tissue area from the traced area ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.MRI image analysis using ImageJa) To determine the lung area of each coronal slice, the lung border was checked visually and the outline of the lung was traced. b) Within this traced area, tissues other than lung parenchyma (e.g., blood vessels of the pulmonary hilum, mediastinum, chest wall, etc.) were also included. Traced area of left lung was 165 cm^2^. c) The other-tissue area showing higher pixel values (white area) was calculated. The other tissue area of left lung was17 cm^2^. The left lung area =165 cm^2^−17 cm^2^ =148 cm^2^. In this image, the white area comprises more than 600 pixels. Lung area was then determined by subtracting the other-tissue area from the traced area. Lung volume was calculated as the sum of lung areas from the 17 slices.). Lung volume was calculated as the sum of the lung areas from the 17 slices. Based on these results, total lung capacity (TLC) and its subdivisions (inspiratory capacity, functional residual capacity (FRC), residual volume (RV), expiratory residual volume, tidal volume, and inspiratory residual volume) were calculated for the right and left lungs in each position.

In all the slices, including the lung regions captured at MILV, EELV, MELV, the sum of the lung areas located in the dorsal one-third was assumed to represent the dorsal segment lung volume. Similarly, the ventral and middle one-third were considered the ventral and middle segments, respectively. The lung volume in each segment was expressed as a percentage of the sum of the three segments (%lung volume).

For statistical analysis, position differences were first tested by using repeated-measures analysis of variance, followed by the Student-Newman-Keuls test to determine differences between each level of significance. For statistical processing, a risk function value of \<5% was fixed as the level of significance.

RESULTS {#s3}
=======

The TLC of both lungs and its subdivisions in each of the four positions are summarized in [Table 1](#tbl_001){ref-type="table"}Table 1.TLC and its subdivisions for bilateral lungs in four positions (N=8) (unit: L)Lt side lyingLt semi-proneRt side lyingRt semi-proneTLC4.85±0.984.97±0.865.03±0.994.86±0.79IC1.93±0.592.10±0.532.09±0.521.98±0.42FRC2.92±0.652.88±0.562.93±0.662.87±0.52IRV1.51±0.461.67±0.431.69±0.441.59±0.45TV0.42±0.160.43±0.180.40±0.180.39±0.35ERV0.62±0.290.53±0.400.55±0.280.62±0.41RV2.30±0.512.35±0.482.38±0.532.25±0.43Values are mean ±SE.Lt: left, Rt: right, SL: side lying, SP: semi-prone, TLC: total lung capacity, IC: inspiratory capacity, FRC: functional residual capacity, IRV: inspiratory residual volume, TV: tidal volume, ERV: expiratory residual volume, RV: residual volume. No significant differences in TLC and its subdivisions were observed between the positions. In the four positions of the nondependent lung, TLC, FRC, and RV were significantly lower in the right SP than in the left SL position or left SP ([Table 2](#tbl_002){ref-type="table"}Table 2.TLC and its subdivisions in the nondependent lung in the four positions (N=8) (unit: L)Lt side lyingLt semi-proneRt side lyingRt semi-prone(Rt lung)(Rt lung)(Lt lung)(Lt lung)TLC2.85±0.612.86±0.522.71±0.592.55±0.42\*\*††\#IC0.92±0.281.02±0.270.95±0.210.89±0.20FRC1.93±0.481.84±0.351.77±0.43\*1.65±0.31\*\*†IRV0.70±0.230.79±0.220.75±0.200.70±0.21TV0.22±0.070.24±0.100.20±0.090.20±0.19ERV0.45±0.220.35±0.270.38±0.230.42±0.28RV1.49±0.371.49±0.341.40±0.371.23±0.24\*\*††\#Values are mean ±SE. \*p\<0.05 vs. Lt SL (Rt lung). \*\*p\<0.01 vs. Lt SL (Rt lung). † vs. Lt SP (Rt lung). ††p\<0.01 vs. Lt SP (Rt lung). \#p\<0.05 vs. Rt SL (Lt lung)Lt: left, Rt: right, SL: side lying, SP: semi-prone, TLC: total lung capacity, IC: inspiratory capacity, FRC: functional residual capacity, IRV: inspiratory residual volume, TV: tidal volume, ERV: expiratory residual volume, RV: residual volume). FRC was significantly lower in the right SL position than in the left SL position, while TLC and RV were significantly lower in right SP than in the right SL position. No significant differences in TLC and its subdivisions were found between the left SL position and the left SP.

[Table 3](#tbl_003){ref-type="table"}Table 3.TLC and its subdivisions in the dependent lung in the four positions (N=8) (unit: L)Lt side lyingLt semi-proneRt side lyingRt semi-prone(Lt lung)(Lt lung)(Rt lung)(Rt lung)TLC2.00±0.442.11±0.432.31±0.46\*\*††2.31±0.42\*†IC1.01±0.311.07±0.281.15±0.301.09±0.24FRC0.98±0.211.04±0.241.17±0.27\*\*††1.22±0.26\*††IRV0.81±0.280.88±0.260.95±0.290.89±0.29TV0.21±0.100.19±0.100.20±0.110.20±0.19ERV0.17±0.090.18±0.150.17±0.100.20±0.16RV0.82±0.170.86±0.170.99±0.20\*\*††1.02±0.22\*††Values are mean ±SE. \*p\<0.05 vs. Lt SL (Lt lung), \*\*p\<0.01 vs. Lt SL (Lt lung), † vs Lt SP (Lt lung), ††p\<0.01 vs. Lt SP (Lt lung). Lt: left, Rt: right, SL: side lying, SP: semi-prone, TLC: total lung capacity, IC: inspiratory capacity, FRC: functional residual capacity, IRV: inspiratory residual volume, TV: tidal volume, ERV: expiratory residual volume, RV: Residual volume shows the TLC of the dependent lung and its subdivisions. TLC, FRC, and RV were significantly higher in the right SL position and right SP than in the left SL position and left SP. No significant differences in TLC and its subdivisions were evident between the right SL position and the right SP. In addition, no significant difference was apparent between the left SL position and left SP.

In MILV and EELV, the %lung volume of the dorsal segment was significantly higher in the right SP than in the right SL position ([Table 4](#tbl_004){ref-type="table"}Table 4.The regional %lung volume of the nondependent lung in the four positions (N=8) (unit: %)Lt side lyingLt semi-proneRt side lyingRt semi-prone(Rt lung)(Rt lung)(Lt lung)(Lt lung)MILVventral24.9±2.924.6±2.022.6±3.720.3±3.1\*\*†middle43.9±1.843.7±1.844.0±1.542.4±2.6dorsal31.1±2.831.7±2.333.3±4.037.3±4.9\*\*††\#EELVventral24.5±3.923.9±2.221.9±2.820.1±3.0\*†middle43.1±0.944.6±2.145.0±2.043.7±1.7dorsal32.4±4.431.5±2.033.1±3.936.2±2.2\*††\#MELVventral25.3±3.823.8±3.822.7±3.620.1±3.2middle44.9±1.944.8±2.345.6±1.544.8±2.0dorsal29.8±4.531.4±2.731.7±4.035.0±3.6Values are mean ±SE. \*p\<0.05 vs. Lt SL (Rt lung), \*\*p\<0.01 vs. Lt SL (Rt lung), † vs. Lt SP (Rt lung), ††p\<0.01 vs. Lt SP (Rt lung), \#p\<0.05 vs. Rt SL (Lt lung). Lt: left, Rt: right, SL: side lying, SP: semi-prone, MILV: maximum inspiratory lung volume, MELV: maximum expiratory lung volume, EELV: end of tidal expiratory lung volume). However, no significant difference was observed between the left SL position and left SP. In MILV and EELV, the %lung volume of the dorsal segment was significantly higher in the right SP than in the left SL position or left SP, and the ventral segment showed a significantly lower value in the latter positions.

No significant difference in %lung volume for the dependent lung was observed between the SL position and SP on both sides ([Table 5](#tbl_005){ref-type="table"}Table 5.The regional %lung volume for the dependent lung in the four positions (N=8) (unit: %)Lt side lyingLt semi-proneRt side lyingRt semi-prone(Lt lung)(Lt lung)(Rt lung)(Rt lung)MILVventral18.6±2.518.0±3.824.5±4.2\*\*††24.2±3.3\*\*††middle43.8±3.044.2±2.644.0±1.945.4±1.9dorsal37.6±2.137.7±5.331.6±4.0\*\*††30.4±3.2\*\*††EELVventral15.8±2.416.0±2.620.6±3.1\*\*††19.4±2.0\*††middle43.3±2.843.7±3.045.0±3.046.3±1.7\*†dorsal40.9±4.540.3±5.234.2±3.2\*†34.3±2.7\*\*††MELVventral17.2±3.417.2±2.521.0±2.7\*†21.4±4.8\*†middle43.8±1.543.8±2.345.8±2.945.8±1.6dorsal38.7±3.938.9±4.133.2±3.4\*\*††32.7±3.7\*\*††Values are mean ±SE. \*p\<0.05 vs. Lt SP (Lt lung), \*\*p\<0.01 vs. Lt SL (Lt lung), † vs. Lt SP (Lt lung), ††p\<0.01 vs. Lt SP (Lt lung). Lt: left, Rt: right, SL: side lying, SP: semi-prone, MILV: maximum inspiratory lung volume, MELV: maximum expiratory lung volume, EELV: end of tidal expiratory lung volume). In MILV, EELV, and MELV, the %lung volume of the dorsal segment was significantly higher in the left SL position and left SP than in the right SL position or right SP, and the ventral segment showed a significantly lower value in the former positions.

DISCUSSION {#s4}
==========

The present results show no significant differences in TLC and its subdivisions between the SL position and SP across both lungs. In addition, no significant differences in TLC and its subdivision were evident between the two positions in the comparison between the right and left lungs independently, with exception of the left lung in the right SL position and right SP. Under static or quasi-static conditions, regional lung volume depends on the intrinsic static pressure-volume characteristics of the lung and regional differences in pleural pressure[@r10]^)^. Spatial variations in pleural pressure result from complex force interactions between the lung and other structures within the thorax. Gravity is one such force acting on these structures[@r11]^)^. Gravity causes vertical gradients in pleural pressure and influences the regional distribution of ventilation in the lungs[@r5], [@r6]^)^. Through the effect of vertical gradients on pleural pressure, the differences in lung volume between basal and apical segments became larger as the vertical direction of the length increased. In SP, which is tilted forward 45° from the SL position, the vertical length of the lung is about 70% that in the SL position. Therefore, lung volume differences between the nondependent and dependent lungs may be smaller in SP than in the SL position. However, except for the left lung in the right SL position and the right SP, no significant differences in TLC and its subdivisions was observed between the SL position and SP, indicating that differences in vertical length of the lung between the SL position and SP do not markedly affect TLC or its remaining subdivisions.

As the heart is present in the left pleural cavity, the left lung is smaller than the right lung. In the dependent lung, the TLC, FRC, and RV of the left lung were lower than those of the right lung. The TLC, FRC, RV of the left lung in the right SP were lower than those of the right lung in the left SL position and left SP, even when the lung was nondependent. The difference in size between the right and left lungs likely influenced this result. However, no significant differences in TLC and RV were seen observed between the left lung in the right SL position and right lung in the left SL position and left SP in the nondependent lung. Given these results, high negative pressure was considered to have occurred in the left pleural cavity in the right SL position. The reasons for this were considered twofold as follows: 1) as the heart is positioned higher in the right SL position than in the right SP, displacement of the heart and mediastinum to the underside readily occurs, and 2) the high negative pressure produced in the left chest cavity causes the left lung to expand.

The findings of this study suggest that the increase in the lung volume of the dorsal segment was greater in the right SP than in the right SL. However, no significant difference was observed between the left SL position and left SP. This is attributed to the displacement of the heart in SP and the SL position. The heart was displaced ventrally by gravity in SP but not in the SL position and leaned on the ventral parapet. Ball[@r12]^)^ performed the first computed tomographic investigation of the effects of postures and noted that the heart and great vessels moved ventrally and caudally and a larger area of the heart came into contact with the anterior chest wall in the prone position. Therefore, the spaces for expansion of the ventral and dorsal segments of the lung were decreased and increased in SP, respectively. As a result, when the left lung was the nondependent lung, the increase in the %lung volume of the dorsal segment was greater in SP than in the SL position.

With regard to the dependent lung, the %lung volume of the dorsal segment was significantly higher in the left lung than in the right lung in SP and the SL position. However, the %lung volume of the dorsal segment did not differ significantly between the SL position and SP. Displacement of the heart by gravity is considered to have influenced this result. Chang[@r13]^)^ suggested that displacement of the heart and mediastinum to the underside by gravity causes distortion of the lung in the SL position. The heart, which is located ventrally in the pleural cavity, compresses the ventral segment of the dependent lung. The %lung volume of the dorsal segment is thus increased in the left SP and SL position.

The present study has one primary limitation. As lung volume was measured based on MRI results, this means that not only air but also moisture and pulmonary tissue were included in the measurements. In the postures used, moisture was moved to the dependent lung by gravity, reducing the compliance of the dependent lung. This effect could not be taken into consideration in the MRI technique applied in this study.
